Molecular Disease and Evolution

by
Linus Peuling

(Rudolf Virchow Lecture, 5 November 1962)

The universe is mede up of matter and radiant energy. The human body is
nade up of molecules - molecules of a1l sorts; little molecules, such au the
water molecule, consisting of only three atoms - a very important molecule,
whizch 18 present in larger numbers than any cther in the human body; larger
molecules, of medium size, such as those that constitute the vitamins: and
many very large molecules, protein molecules; polysaccharide nolecules,; nu-
¢ledc acid molecules.

I believe that it is likely that a human being maoufactures 50,000 or
100,000 different kinds of protein molecules. A represemtative protzin mole-
cule, such as heapglobin, 18 bullt of about 10,000 atoms. It has a well de-
fined structure; for most of the protein melecules not & single atom is out
of place.

The protein molecules of different kinds sre meanifactured by geasa, whilch
are themselves molecules of deoxyribonuncleic acid. Beck one of ue inherits
haif of hisz complement of genes, approximately 50,000 from his father; and the
other half, approximately 50,000, from his mother. It is these wmolecules,
100,000 molecules of DA, that make the human being what he 1s, that confer
his characters upon him.

These are the pwst isportant molecules in the world. The pocol of human
gere plasm iz a preclous heritage of the human race.

A few years ago 1t was discovered that some dlssages arg moleculsr disesses,
diseases of protein molecules., A gene, a wolecule of deoxyribonuclelc acid,
may be damaged by cosmlc radistion or some other mutagenic agent in such z way
that a few atoms are out of place. This gene then duplicates itself in its new,
mitated, form. Moreover, vhen 1t serves lts other function, the function other
than self-duplication, it determines the nalbure of a protein molecule, vhich ¢
has the responaibility of manufacturing. A muteted gene produces an albered
protein molecule, with a few atoms different from The corresponding normal pro-
tein molecule.

Molecular diseases is closely connected with evolution, The sppearance of
the concept of good and cvil that was imterpreted by Man as his painful expulsion
from Paradise probably wes a molecular disease that turaned out to bs evolutlen.

Arong the molecular disesses there are many that involve enzymes. For ex-
arple, the dlsease phenylketonurla, which is responsivle for 1% of the imstitu~
tionalized mentally defective individuals in the United SBtates, iz a simpls mole-
cular disease that i recsonobly well wrdervstood. ©One person in eiphiy has an
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abnormal gene that is called the gene for phenylketonuris. A normal person has
two genes that manufacture, independently of one snother, an enzyme 1s the liver
that cstalyges the oxidation of phenylalenine to tyrosine. This is & mechenism
for converting part of the phenylalanine in our food, which is present in excess
over our need, into another amino acld, tyrosine, which is then used in various
ways in the human body. One person in eighty has one normal gene, which manu-
factures this engyme, and one abuormal gene (the gene for phenylketonuria), which
does not manufacture the enzyme, or vwhich mamufactures an abnormal emzyme mole-
cule that is lacking in enzyme activity.

These pecple, the carriers of a single gene for phenylketonuria, maoufacture
only 50% a8 much of the enzyme as normel individuals; but this S0% is encugh to
take care of the phenylalanine that they ingest. They are called phenylketonuric

heterogygotes. They are not damaged significantly by carrying the gene in single
dose.

However, when two of these heterosygotes marry one another there occurs the
grest lottery, the greatest of all lotteries in the world, in vhich the prospec-
tive chlld, the fertilized ovum, carries out the selection of one or the other of
the pair of genes that the father has and of ome or the obher of the palr of genes
that the mother has. On the average, & quarter of the children inherit the de-
fective gene from the father and also the defective gene from the mother. They
have the defective gene 1n double dose, and they mamfacture none of the enzyme
that catelyres the oxidation of the phenylalanine to tyrosine, When such s homo-
zygote eats his food; containing ordinary protein, the phenylalanine builids up
in his blood stream and cerebrospinal fluld to concentrations as great as fifty
times that in normal individuals. This high concentration of phenylalanine and
of other substances made from it interferes with the growth and function of the
brain in such a way as to canse him to be mentally defective, perhaps with an
I.6. a8 lowv as 20. In addition; the phenylketonuria genes in double dose cause
him o have severe eczems and other sometic difficulties.

It has been recognized in recent years that it is possible to treat this dis-
ease, phenylketomuria. A dlagnosis of the disease may be made at an age as e¢arly
as one month, and the infant then may be fed a diet of proteln hydrolysate from
which most of the phenylalanine has been removed. CLhildren treated in this way
seen to develop in an essentially normal marmer,

Many molecular diseases that have arisen in the course of evolution have
been controlled in a somewhat simllar manner. Human belngs require many vitanins,
Pellagra is an example of a vitamin deficlency disease - a molecular discase that
originated through a mutation, perhaps millions of years sgo, and was then cured
by the heterotrophic process of eating other organisms that manufacture the vita-
min, Beurvy and other avitaminoses are slso diseases of this sort. It ig not
customary for us to admit that we have these disesses, because we treal them as
e matter of habit by eating what is called a proper diet.

Organisms such as the red bread mould are able to manmufacture not only all
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of the vitamins, but aleo all of the axino aclds. AL some tise {n ouwr evolu~
tionary hastory we suffered nutations that resulted in the loss of cur power
%0 mamafacture the various ensymes involved in these synthesas. Each of these
mtations produced in our predecessors s dlsease -~ ome disease for esch vita-
min that we now require, and one diseese for each of the nine amino acids that
are assential for man. Most of us keep thesc diseases under coxdrol by inges-
ting the proper food.

I have besn especially interested in the hemogloblnopathies; which are the
disesses, including sickle-cell anemis, to which the name nmolecular disesse wvas
first applied. I remesher very well the time, sane fifteen years ago, when
thres of ay studemts -~ Dr. Harvey Itano, D, 8. J. Singer, and Dr, I, C. Wells,
carried out the cruclal superiment that showed that sickle-cell anemis ia a
diseane of the hemoglobia molecule. I bhad awde this prediction thres years
gariier, and Or, Itano had worked for three yaars; toward the end with Ox,
8inger and Dr., Wells, to test it.

Patiaunts with sickle-cell anemisn are anesic because their red cells tend
to twist out of shupe. These deformed cells are then recognized by the spleen
a5 abnormal, and are destroyed so rapidly as $o make it lmpossible Lo the
patient to manufacture now srythrocytes fast enough to jrevent anemis from de-
veloping. Moreower, the deformed cells are sticky; they clamp om to one anobher
and clog up the capillaries in such & way as to interfere with the flow of blood
and thus to cause differesnt organs of the body to be dmmsged by apoxia. This
disease, involving daformotion of the red cell, might seem to be a classic dis-
case of cells, as described by Rudolf Virchow. However, the fact that the cells
sickle only in the venous cilrculation and regain thelr normal shape in the arter-
ial circulation seeaed to we, in 1985, to provide very strong indication that
the disease is in fuct a disesse of the hemoglobin molecule, vhich is present as
hemogleobin in the venous blood and a8 a dilferent molecule; oxyhemnglobin, in arter-
ial blood.

We all know that protein molecules tend to de sticky - it 1s baxrd for s pro-
tein molecule to keep from belng sticky. If a solution of perotelin molecules,
maaufactured by some living organism and selected by the svolutionsry provess
of trial and error 50 as not to be sticky, but to remain in solution inatead of
forming an insoluable coagulum, is disturbed a bit by werming, even 10 s low &
temperature a8 60°C, 80 that the moleculss hecome slightly unfolded (denatured),
then the characteristic property of stickinees makes itself evident; the dena-
tured protein molecules ¢lamp onto one another, to foram an insoluble coagulum
of denatured protein. It need not surprise us that, although the norusl hemo-
globin molecules, selected by the evolutionary process, are sble to remain sep-
arated from one ancther even in the concemtrated solution (30% protein) that is
innide the red cell, & change iz structure resuiting from a gese mutation =may
caupe the altered henoglobin melecule to have a sticky region on its smuwrface,
such as t0 make it tend o clamp onte another one, vhich would clasp anto a third
ong, & fourth one;, and 80 on, %o form & long rod of these molecules. Those rods
would then line up side Ly eide, atirected by the Van der Wsals fovves of attrac.
tion, to form a sort of needle-like crystal that would grow longer and longer
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until, as it became longer than the diameter of the red cell, it would twist
the red cell out of shape, snd would deform the red cell membrane, making 1t
sticky and causing the red cells to get tangled up with one another in the
caplillariss and causing the spleen to destroy these red cells, and thus pro-
duce the manifestation of the disease. We accordingly have a moleculsar explana~
tion of the manifestations of the disease, based upon the hypothesis that is a
disease of the hemoglobin moleculs, a molecular disease in which the abnormal
molescule is samufactured by a matated gene. Ve can also understand that the
molecules of exihemoglobin, molecules of hemoglobin to which molecules of oxygen
molecules to interfer with the Van der Waals forces of attrmction and time to
prevent the sickling of the red cells in the arterial circulation.

The incidence of the gene for phenylketonuria is small enough to permit it
to be explained as the result of a study state determined by the rate at which
nevw gened for phenylketomaria are produced by mutation and the rate at vhich the
phenylketomirie genes are removed from the pool of humen germ plasm by the death
without propeny of the phenylketonuria howmoxygotes. But the incidence of the
geoe for sickle-sell hemoglobin is much to¢ grest to be explained in this way.

It was recognised that the sickle~cell gsne must carry some advantageocus charac-
ter, to compensate the dissdvantage of death of the sickle-cell homosygotes with-
out propeny. The suggestion vas made by Dr. Russell Brain that the heterovaygotes,
carrying one sickle-cell gene, are protected against malaria - he had noticed that
there is a bhigher incidence of sickling in villsges in Africs where malaria is
endexaic than in other villages, vhere maleria is not endemic. Dr. Anthony Alli-
son, of Oxford, then carried out an experiment thatl provided good evidence that
the sickle-cell heterosygotes are protected against mslignant sudbtertian mslaria
(Plesmodium falciparus). We can accordingly understand why the sickle-cell gene
spread in the Africian population. A heterozygote, carrying a sickle-cell gene
nevly formed through sutation, wes protected against malaria. Half of his children
inherited the sickle-cell gene, and, because of their protection against malaria,
they helped in rapidly spresding the gome through the population. Finally, the
incidence of the geme apperoached the steady-state value. In marriages between
hetarozygotes, wvho would then make up a large fractiom of the population, one
quarter of the children would inherit two noraal genes for hemoglobin, and would,
in large pert, die of malaria; one quarter would inherit two sickle-cell genes,
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and would dle of sickle-cell anemia; but one half would be heterozygotes, like
their parents, and would be protected agalnst malarla and would not have the
disease sickle-cell anemia. This process gives a yield of only fifty percent
in children;, but only recently has the yleld of fifty percenmt been thought to
be unsatisfactory.

The next step in the process should be a mutation that would manufacture &
kind of hemoglobin such that in the homozygous state it would provide protection
against malaria and would not produce s disease such as sickle-cell anenia. This
newly mutated gene could spread rapidly tarocugh the population, provided that the
double heterozygotes, in the new gene and in the sickle-cell gene, were also
protected agalnst smalaria and did not have & serious disease. It seesxs not un-
likely that another known fora of abnormal hemoglobin, hemoglobin C, represents
a step in this directiom.

Since the discovery of sickle-cell anemie hemoglobin 1h years ago some scores
of other abnormal humen hemoglobins have been discovered. These abnormal hewso-
globing are associated with many different diseases.

The nature of the difference between sickle-cell-anemia hemoglobin (hemoglo-
bin 8) and normal adult humen hemoglobin (hemoglobin A) has now been dlscovered,
through the efforts principally of Vernon M. Ingram and his collaborators. Ilm-
medlately after the discovery of hemoglobin S, Dr. Walter A. Bchroeder and his
aasaciates in the Califormia Institute of Technology made an amino-gecld analysias
of hemoglobin § and hemoglobin A. They were able to report that the amino-acid
composition of the two hemoglobins is closely similar, with no amino-acid repre-
sented by s difference of more than two residues. Ingram then developed a new
and powerful way of lavestigating the structure of hemoglobin molecules, which
he called the fingerprint method - 1t is alsc called the peptide-pattern method.
The sample of hemoglobin 1s split into peptides by the proteolytic action of an
enzyme, such as trypsin. About twenty-slx peptides, contailning on the sverage
about twelve amino-acid residues sach, are cbitained in the mixture produced in
this way. The mixture is then separsted into the constitutent peptides by a two-
dimensional process carried out on a sheet of filter paper. The separation on
the basis of mobility in an electric fleld 13 carried out alopg the horizontal
axis of the sheet of filter paper, and then aeparation by the chromstographic
mathod, involwving a flowing eclvent, is carried out in the vertical direction.
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In this vay Ingram was able to show that hemoglobin 5 differs from hemoglodbin
A only in the replscesent of a single aaino-acid residue in one-half of the
henoglobin molecule by the residue of ancther aming ecid.

Schroedsr wnd his associates in Passdena found that hemoglobin molecules
usually consiat of four polypeptide chains, two of one kind and two of another
kind. The normal adult humsn hemoglobin molecule contains two alphe cheins,
which have the sequence val-leu-ser-pro-ala... {(total 1Ml residues), measured
from the free-amino end, and two beta chains, which have the sequence val-his-
leu-thr-pro-glu-... (total 1k6 residues). Ingram and Schroeder found that the
alpha chains of hemoglobin 8 are the same a8 those of hemoglobin A; hut the
beta chains are differant: the beta chain of hemoglobin 8 has valine in the
sixth position, in place of glutamste; the other 15 residues are the sane.

The asdno-acids sequence has been determined for meny other abhnormal hemo-
globina. For every one of those studied so far; the mutstion invelves only a
single amino-acid residuve. Thus, for hemoglobin € there {s lysine in the sixth
residue of the beta chain, in place of the glutmsste of hemoglobin 4 or the
valine of hemoglobin S, For hemoglotdn E there is lysine in the twenty-sixth
position, in place of glutamste.

Other abnormal hemoglobing involve sn chnormality in the alphe chain,
rather than the beta chain. An interesiing example is hemnglobin MB bon” In
the alpha chaln ¢f normal adult hemoglobin the 58th residue is nistidine. This
residue of histidine iz known to be close to the iron stam of the hame group.
Histidine usually carries a positive charge, becsuse of the atischuent of &
proton to the imldazole ring. In hemoglobin M. .. the alpha chain has Lyrosine
in the 58th position, in place of histidine. Because the tyrosine residu= does
not carry s positive cherge, we msy expect that it would be easier for the irom
atom of the heme group to assune an extra positive charge, leading o o ferrt
neme group, comteining tripoeitive irom, in place of the normal ferro heme, con-
taining bipositive iron. The presence of tripoeitive iron in hemoglobin con-
verts it imto ferribesaglobin {also called methemoglobin); and the carriers of
the geme for hemoglobin %B l do in fact have o disease, a fors of methenc-
glovinenemia,

Accordingly in this dieecase, as in sickls-cell ansmia, the known differeuce
in sgmino-~acid sequence of the abnormal hemoglobin provides a reasonsble 2xplana-
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ticn of the manifestations of the disease produced by the molecular stmorsality.

Soms interesting conclusions about the process of evolution have been
roached on the basis of the compariason of amino-acid sequence of hemoglobin
molecules of animals of different species, carried out especially by my colla-
borator Dr. Baile Zuckerkandl. It has been found that the peptide pattern of
hemoglobins of animals of differemt species can be correlated reasonably well
with the generally accepted 1deas about evolutiocnary relationships between the
species. PFor sxauple, the peptide patterns of gorille hexoglobin and clizpan-
see hemoglobin are almost identical with those of human hemoglobin. The peptide
pattern of Rhesus monkey hemoglobin is somevhat difforent frowm that of lnusan
hemoglobia. 5%1ill greeter differences fro: human hemoglobin are shown by the
patterns of cow hemoglobin, horse hemoglobin, pig hemoglobin, and the hesoglobins
of other mammals. The differences are greater still for fish hemoglobin and
worn hewmoglobin.

A detalled study of hors¢ hemogloblin has shows that the alpha chains differ
from those of human hemogiobin by ebout 18 amino-acid substitutions, a3 do also
the beta chains of the two bemoglobing., If we accept 130,000,000 yesrs as the
tine that has passed since the evolutionary linss of horse and human separsted,
ah estimated by paleontologisis, we conclude that each chain has on the average
suffered an evolutionarily effective mutation every 14.5 million years. We may
then use this value to discuss other evolutionary epochs.

The gorilla alpha chalin and the human alphe chaln differ in two residues,
and the gorilla deta chain and humen beta chain differ in one; the average, 1.5,
indicates that sbout 1l million years has gome by since the derivation of these
chains from thelr common chain ancestor - that iz, that the evoluticnary lines
leading to the present-day gorillas end present-day human beings separated from
one another about 11 million years ago. The estiuateos made by paleontologists
for this epoch range fros 10 miliion to 35 million years.

Another interesting guestion 18 that of the blochemical differences between
sdult human belngs and human fetuses. The human fetus mamufactures a special
kind of hemoglobin, called hemoglobin ¥. In hemoglobin P the beta rchains are
abnormal, These zbnormal betae chains, which are called gamma chains, differ
from adult human beta in %6 of the 14€ amino-acid residues. Accordingly we cal-
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culate, assuming that there has been a constant rate of evolutiomarily effec-
tive matation, that the gumss chalos and the beta chains separated from coe
enother about 260 mdilion years ago; that ls, at the begimuing of the Carboai-
ferous period.

This epoch was, of course, long before huwms beings bad come into exis-
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globin for the specles, and we might conciude thet the fetal forme of different
macmals separated from the adult forms some 260 million years ego, aad in &
sense coastitute a grouy of species different from the adult group. With res-
peat to hemoglobin, o hwman fetus resexbles & fetsl horse more cloussly than s
human adult.

I belisve that it will be posaible, through the detailed deteruinstion of
azino-acid sequences of hemoglobin molecuies and of other molecules, Lo obtaln
mach information about the course of the cvolutiomary process, and to illaminste
the guestion of the origin of species.

Moreover; I believe that the comtinued study of the wmolecular structure of
the man bvody and the nature of moleculsar disease will provide informmtion thab
will contribute to the conbrol of disease and will significantly diminish the
anount of human suffering. Molecular biclogy and molecular medicise are new
fields of science that can be greatly developed for the benafit of mankind.
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